
r ADAOSO 606 04ASSACHUJSETTS INST OF TECH CAMBRIDGE DEPT OF CHEMISTRY F/ 7 4
VISIBLE L1644T-ORIVEN GENERATION OF CHLORINE AND BROMINE. PHOTO*-- TCIU)
AUG 80 C P KUBIAK. L F SCHNEEMEYER N00014-75C-0880

UNCLASSIFIED TR2 N L



SECURITY CLASSIFICATION OF THIS PAGE (Wen Data E t ....

REPORT DOCUMENTATION PAGE BEFORE COMPLETIG FORM

1. REPORT NUMBER 2. GOVT ACCESSION NO. 3. RECIPIENT'S CATALOG NUMBER

ONR-TR-22 V I __ _ ___"_ _ _

4. TITLE(endSubtitl. Visible Light-Driven Generation of S. TYPE OF REPORT & PERIOD COVERED

Chlorine and Bromine. Photooxidation of Chloridean Interim Technical Report
Bromide in Aqueous Solution at Illuminated N-Type
Semiconducting Molybdenum Diselenide and Molybden '" PENPORMNGORG.REPORTNUMUER

Dj.ujLfide Electrodes,
7. AUTHOR(e) 8. CONTRACT OR GRANT NUMER(e)

Clifford P. Kubiak, Lynn F. Schneemeyer and
Mark S. Wrighton N00014-75-C-0880 h

0S. PERFORMING ORGANIZATION NAME AND ADDRESS 10. PROGRAM ELEMENT. PROJECT, TASK

Department of Chemistry . AREA & WORK UNIT NUMBERS

Massachusetts Institute of Technology
Cambridge, Massachusetts 02139 NR-051-579
11, CONTROLLING OFFICE NAME AND ADDRESS 12. REPORT DATE

Office of Naval Research August 22. 1980
Department of the Navy 13. NUMBERO PAGES

Arlington, Virginia 22217 13
l4. MONITORING AGENCY NAME & AOORESS(I1 dilfeent from Controlllng Office) IS. SECURITY CLASS. (of le ther t)

UNCLASS I FI ED
15&. DC LASSIFICATION/DOWNGRAOING

. - SCHEDULE

16. DISTRIBUTION STATEMENT (o tie Report)

Approved for public release; reproduction is permitted for any purpose
of the United States Government; distribution unlimited.

IS. SUPPLEMENTARY NOTES D
Prepared and accepted for publication in the Journal of the American

Chemical Society.

I9. KEY WORDS (Continue an reverse side II neceary and Identify by block number)

Photochemistry, photooxidation semiconductors, photoanodes, ph6togeneration

ABSTRACT (Continue an reverse side if ... t&*my an~d Identify by blc" rmbot)

0N-type semiconducting, single-crystal MoS'2 and MoSe are demonstrated to serve
as durable photoanodLs for the photogeneration of Bri or Cl ' from aqueous 12 M
LiBr or 15 _LiCl, respectively. The current efficiency for the generation of
X' is measu ed to be >90% and many more moles of X7 can be generated than the

Snumber of moles of MoSei or MoSs used ., revious studies at low CI" or Br-
L A004 activity show only photocorrosion of t photoanode. In the 12M LiBr or 15 H

LiCl, light can be used to effect X2 generation at a potential -0.5 V more
A w negative than E(X 2/X) showing that the\light can be used to generate (over)

D1 ID I,AN"3 1473 EDITION OP I NOV It Is OSSOLeTF
SCI UNCLASSI FIED

/ 1 / , C[URIY CL.ASSIPICATION OP TNIS PAE(e Dale EaaW



UNCLASSIFIED
.(..UIl"TY CI-.ASSIFICATION OF THIS PAGEOMSW7(.,, Dodi £ a|g d)

electricity or contribute to the energy needed to produce Xz. The band gaps
of MoS2 and [oSe 2 are about 1.1 eV and light of energy greater than or equal
to this value can be used. Monochromatic, 632.8 nm, efficiencies for conversion
of light to electricity, where the photoanode process is 2X- -X 2 and the
cathode process is X2 - 2X-, are up to -7% for X = Br at 160 mW/cm2 input
optical power and up to -3% for X Cl at 160 PV/cn,2 input optical power.

UNCLASSIFIED
UCUIT' C.ASSIICATION OF TNIS PAGt(R7.fo Date 8At*?*,,



Ac e sionor 
-

'NTIS GRMAI
DDC TAB
Unanounced
Justification_

By_

Distribution/ OFFICE OFWVAL RESEARCH

Availability Codes CONTRACT.OI4_7_-.-O-80

Avail and/or--
Dist. special Task No. NR 05l-57 7..

TECHNICAL REOT 22
.... ....... .E? _!J 29

ISIBLE LIGHT-DRIVEN ,GENERATION OF CHLORINE AND BROMINE.

PHOTOOXIDATION OF CHLORIDE AND BROMIDE IN AQUEOUS SOLUTION AT

ILLUMINATED N-TYPE SEMICONDUCTING MOLYBDENUM DISELENIDE AND

MOLYBDENUM DISULFIDE ELECTRODES

by

ford P.kubiak,Inn F. chneemeyerdu Mark SIWrighton
Department of Chemistry

Massachusetts Institute of Technology
Cambridge, Massachusetts 02139

Prepared for publication in the Journal of the American Chemical Society

, .. Aug4., W8O

Reproduction in whole or in part is permitted for any
purpose of the United States Government

This document has been approved for public release and
sale; its distribution is unlimited.

DTIC
S LECTEI

SEP 7) iZ6



Visible Light-Driven Generation of Chlorine and Bromine. Photooxidation of

Chloride and Bromide in Aqueous Solution at Illuminated N-Type Semiconducting

Molybdenum Diselenide and Molybdenum Disulfide Electrodes

Abstract: N-type semiconducting, single-crystal MoS2 and MoSe 2 are demonstrated

to serve as durable photoanodes for the photogeneration of Br2 or Cl2 from

aqueous 12 M LiBr or 15 M LiCl, respectively. The current efficiency for

the generation of X2 is measured to be >90% and many more moles of X2 can

be generated than the number of moles of MoSe 2 or MoS 2 used. Previous

studies at low Cl- or Br" activity show only photocorrosion of the photoanode.

In the 12 M LiBr or 15 M LiCllight can be used to effect X2 generation at a

potential -0.5 V more negative than E°(X 2/X-) showing that the light can be

used to generate electricity or contribute to the energy needed to produce

X.. The band gaps of MoSp and MoSe2 are about 1.1 eV and light of energy

greater than or equal to this value can be used. Monochromatic, 632.8 nm,

efficiencies for conversion of light to electricity, where the photoanode

process is 2X -, X2 and the cathode process is X. 2X-, are up to _7% for

X = Br at 160 mW/cm input optical power and up to -3% for X = Cl at

160 mW/cm input optical power.
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Visible Light-Driven Generation of Chlorine and Bromine. Photooxidation of

Chloride and Bromide in Aqueous Solution at Illuminated N-Type

Semiconducting Molybdenum Diselenide and Molybdenum Disulfide Electrodes

Sir:

We wish to report the sustained, visible light-driven oxidation of

Br" and Cl" according to equations (1) and (2) in aqueous solutions using

2 C 2e Cl E 2/Cl-) = 1.11 V vs. SCE] (1)

2 Br ) -2e"(aq) Br2(aq) [E' (Br2/Br') = +0.86 V vs. SCE] (2)

n-type semiconducting MoY2 (Y = S, Se) photoanode-based cells. Based on

results from previous studies, the oxidizing power of the photogenerated

holes at the MoY2/lijuid interface is great enough (more positive than

E (C'ICI)) to effect Cl2 or Br2 generation in aqueous solution.

However, in aqueous solutions photoanodic corrosion of the electrodes is
the dominant process in the presence of Br- or Cl- I 3 while photooxidation

of C to 13 has been shown to be quite efficient at MoY2 photoanodes in

aqueous media. '4  This investigation of the oxidation of aqueous Cl" and

Br" was prompted by the findings in this laboratory that Cl, Br, or I

could be photooxidized in non-aqueous (CH3CN) solution without deterioration

of the MoY2 photoanode.
5-7 We thus sought conditions where the oxidation of

Cl- or Br" could be achieved in aqueous solutions, starting with the notion

that the solvent (H20) could play both the role of i) kinetic competitor

with X" for the photogenerated oxidizing equivalents and (ii) partially

determining the energetics for the photocorrosion process.
8 10

Our strategy for oxidation of CI" or Br" in aqueous solution has been

to employ super high concentrations of these ions by using aqueous

electrolyte solutions of LiCl (15 M) or LiBr (12 M). The rationale is

two-fold: (i) the effective activity of X" can be much higher than the

concentration (the Cl activity of 15 M LiC is -480 M and the Sr activity
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of 12 M LiBr is -560 Mll) to provide the kinetic advantage for productive

photooxidation of X- and (iij the activity of H20 can be reduced significantly

by the high ionic strength to reduce the efficiency for photocorrosion.

Visible light irradiation of the single-crystal, n-type MoY2 anode of

an electrochemical cell employing aqueous 15 M LiCl or 12 11 LiBr (pH z 6)

results in the anodic processes represented by equations (1) or (2),

respectively. 12 Light of higher energy than the band gap, -1,1 eV, is

effective. 13,14 Quantitative measurements have been made using 514.5 or

632.8 nm light from an Ar ion or He-Ne laser, respectively. The cathode

process is either the reduction of X2 to 2X- and/or reduction of H20 to

form H2 depending on the amount of X2 present.

Two facts are significant. First, the photoanodes are durable when

X2 is being generated. Second, photooxidation occurs at MoY 2 potentials

up to -0.5 V more negative than EO(X 2/X-) showing that light can contribute

up to -0.5 V toward the energy needed to produce X2 . Steady-state

photocurrent-voltage curves for MY2 photoanodes in X2/LiX aqueous solutions

are given in Figure 1. Under these conditions the dark Pt cathode process

is X2 to 2X" reduction and there is no net chemical change in the cell. Data

from such curves are summarized in Table I. When the MoY 2 potential is more

negative than the electrochemical potential of the solution, light is converted

to electricity when there is photocurrent. Efficiencies15 for the conversion

of 632.8 nm light to electricity are given in Table I. The approximately 7%

efficiencies for X = Br are among the highest ever reported from this

laboratory5-7 under any conditions for the MY2 photoanodes. The large difference

in effidency for Cl- and Br" photooxidation at MoS 2 may reflect a strong interaction with the Br:.

The efficiendes show no significant dependence on input light intensity over the range sed. It

is noteworthy that the light intensity from the AMl solar spectrum is only ~100 mW/oi 2 and that the

C12/CI" and Br2 /Br" couples ae more transparent than the I/I" couple that has previously been

used in durable photoelectrochenical cells for conversion of visible light to

electricity. 4,6,7,16c, 7-19
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The durability of the photoanodes is first suggested by noting that

there is no obvious surface corrosion after photoelectrolytic oxidation of

X, with or without added X2 . When the LiX concentration is only 0.1 M the

rapid surface photocorrosion is obvious on the timescale of doing experiments

such as those represented in Figure 1 and Table I. Current efficiency for

Cl2 generation from 15 M LiCI was measured for the MaY 2 photoanodes by

collecting the Cl2 gas (up to 15 ml) above the photoanode using an inverted

graduated pipette. The Cl2 was found to be the gaseous product by smell,

color, and reaction with CHC13 solutionsof IrCl(CO)(PPh 3)2 as compared with

an authentic sample of Cl2 gas. The reaction of Cl2 with IrCI(CO)(PPh 3)2

proceeds according to equation (3) and can be used to quantitate Cl2 with

Cl2 + IrCl(CO)(PPh3)2  298 K 0 l13(CO)(PPhCl2 + rCI(CO)P(h32hCHC
2 CHC13 3)2(3)

[Xmax = 1967 cm- 1  [Xmax = 2075 cm-1 3

e = ll50 M-Icm- I  e = 655 M-Icm l

molecular specificity using the infrared spectrum in the CO stretching region.
20

For both MoS2 and MoSe 2 we find that the photocurrent efficiency is >90%

without correcting for Cl2 that is lost by dissolving in the electrolyte

solution. The current density for which these current efficiencies were

determined were -10 mA/cm2 for MoS 2 and -45 mA/cm2 for MoSe2 . These

photocurrent densities were sustained for periods exceeding 50 h without

obvious damage to the photoanode. In the -45 mA/cm2 MoSe 2 case, greater than

150 moles of Cl2 were generated per mole of MoSe2 without deterioration of

the photoanode. Longer term tests of durability are now in progress.

Experiments similar to those for Cl" oxidation have been performed for Br"

oxidation. However, Br2 remains in solution and current efficiency was

determined spectrophotometrically as compared to authentic Br2 in 12 M LiBr.

The initial current efficiency for n-type MoS2 (10 mA/cm 
2) was >95% and for

n-type MoSe2 (70 mA/cm
2) was >90%. Again, photocurrent can be sustained and

many turnovers based on the original number of moles of crystal can be
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obtained. It is particularly noteworthy that we find durability at

electrode potentials significantly positive of the onset of photoanodic

decomposition in 0.1 M - 1.0 M supporting electrolyte (e.g. KCl, LiCI,

LiBr, NaCl04).

The durability of MoS2 and MoSe2 photoanode in aqueous 15 M LiCl or

12 M LiBr is the main finding, Generation of Cl2 is the energetically most

difficult oxidation process ever sustained in aqueous solution at a non-oxide

photoanode. The durability is likely due to the super high X" activity and

the lower activity of H20 that participates in the photocorrosion, Support

for this conclusion comes from the fact that the onset for photoanodic

corrosion moves more positive as the concentration of an "innocent"

electrolyte LiND 3 is increased; for example, at 0.1 M LiNO 3 the photo-

anodic current onset is at -+0.2 V vs. SCE for MoS 2 while it is at -+0.5 V

vs. SCE at 10 M LiNO 3. In 10 M LiNO3 the photocurrent efficiency at +0.7 V

vs. SCE for 0.1 M Br" oxidation (-30%) at illuminated MoS2 is significantly

higher than for 0.1 M LiBr alone (-0% efficiency).21 These data show an

important role for both Li+ concentration and high X" concentration. Further

details will be reported in the full paper. 22

Acknowledgements. We thank the Office of Naval Research for partial support

of this research. We also acknowledge support from the M.I.T. Cabot Solar

Energy Fund and GTE Laboratories, Inc. M.S.W. acknowledges support as a

Dreyfus Teacher-Scholar grant recipient, 1975-1980.

Clifford P. Kubiak, Lynn F. Schneemeyer,
and Mark S. Wriqhton"

Department of Chemistry
Massachusetts Institute of Technology
Cambridge, Massachusetts 02139



References

1. Tributsch, H.; Bennett, J.C. J. Electroanal. Chem., 1977, 81, 97.

2. Tributsch, H. Ber. Bunsenges. Phys. Chem., 1977, 81, 361;
Z. Naturforsch., 1977, 322, 972; Ber. Bunsenges. Phys. Chem., 1978,
82, 169; J. Electrochem. Soc., 1978, 125, 1086.

3. Menezes, S.; DiSalvo, F.J.; Miller, B. J. Electrochem. Soc., 1980,
127, 0000.

4. Gobrecht, J.; Tributsch, H.; Gerischer, H. J. Electrochem. Soc.,
1978, 125, 2085.

5. Schneemeyer, L.F.; Wrighton, M.S. J. Am. Chem. Soc., 1979, 101, 6496.

6. Schneemeyer, L.F.;.Wrighton, M.S.; Stacy, A.; Sienko, M.J.
Appl. Phys. Lett., 1980, 36, 701.

7. Schneemeyer, L.F.; Wrighton, M.S. J. Am. Chem. Soc., 1980, 102, 0000.

8. Bard, A.J.; Wrighton, M.S. J. Electrochem. Soc., 1977, 124, 1706.

9. Gerischer, H. J. Electroanal. Chem., 1977, 82, 133.

10. Kautek, W.; Gerischer, H. Ber. Bunsenges. Phys. Chem., 1980, 84, 0000.

11. Harned, H.S.; Owen, B.B. "The Physical Chemistry of Electrolytic
Solutions", 3rd ed., A.C.S. Monograph Series, Rheinhold: New York,
1953.

12. Electrodes were prepared using materials and procedures previously
described.57 LiCl and LiBr solutions were prepared by adding distilled
H20 to the solid to achieve a concentration of 15 M LiCl and 12 I'T LiBr.
Small amounts of insoluble materials were filtered-to achieve optical
clarity. Solutions for steady-state photocurrent-voltage curves were
prepared by adding Cl2 or Br2 to the LiCl or LiBr, respectively, and
were stoppered to prevent escape of the X2 from the electrochemical
cell. All data are for 298 K. Samples of photogenerated gas (Cl2)
or authentic C12 were added to a 9 mM IrCl(CO)(PPh 3)2 (from Pressure
Chemical Co.) CHC1 3 solution under A- via a gas-tight Hamilton syringe
with Teflon fittings. Infrared spectra of IrCl(CO)(PPh 3)2 and
IrCI 3(CO)(PPh 3)2 were obtained using a Perkin Elmer Model 180. Br2
was monitored spectrophotometrically using a Cary 17 uv-vis-nir
spectrophotometer.

13. (a) Wilson, J.A.; Yoffe, A.D. Adv. Phys., 1979, 18, 193;
(b) Goldberg, A.M.; Beal, A.R.; Levy, F.A.; Davis, E,A, Phil, Mag.,
1975, 32, 367.

14. Kautek, W.; Gerischer, H.; Tributsch, H. J. Electrochem. Soc., 1980,
128, 0000.



15. When no X2 is present the evolution of H2 occurs at the dark Pt
cathode. Thus, the net chemistry is: X- + H20 - X2 + H2 + OH;
when no X2 is present at the cathode. Since the cathodic evolution of
H2 is a pH dependent process, efficiencies are generally best given
with reference to the half-cell reaction driven at the photoelectrode.

16. Efficiencies for photoelectrochemical cells employing layered
semiconductors such as MoS 2 , MoSe 2, WSe 2 have been shown to depend
on the electrode materials: (a) Ahmed, S.M,; Gerischer, H.
Electrochim. Acta, 1979, 24, 705; (b) Kautek, W.; Gerischer, H.;
Tributsch, H. Ber. Bunsenges. Phys. Chem., 1979, 83, 1000;
(c) Lewerenz, H.J.; Heller, A.; DiSalvo, F.J. J. Am. Chem. Soc.,
1980, 102, 1877.

17. Fan, F.-R. F.; White, H.S.; Wheeler, B.; Bard, A.J.
J. Electrochem. Soc., 1980, 127, 518.

18. Nakatani, K.; Matsudaira, S.; Tsubomura, H. J. Electrochem. Soc.,
1978, 125, 406.

19. Fan, F.-R. F.; Bard, A.J. J. Am. Chem. Soc., 1980, 102, 3677.

20. Vaska, L. Acc. Chem. Res., 1968, 1, 335.

21. The current efficiency for photooxidation of 0.1 1 Br" in
aqueous 10 M LiN0 3 is much higher at more negative potentials,
since the efficiency of the photocorrosion declines at the more
negative potentials. The durability and current efficiency of
MoS2 and MoSe 2 in 12 M LiBr and 15 M LiCl Were determined at
+0.7 - 0.8 V and +1.1- 1.2 V vs. SCE, respectively.

22. We note related work showing that MoSe 2 is a durable photoanode in
aqueous solutions containing high concentrations of HBr: Ang, P.G.P.;
Sammells, A.F., Third International Conference on Photochemical
Conversion and Storage of Solar Energy, Book of Abstracts, Solar
Energy Research Institute, Golden, Colorado 80401, p. 473.



di

433,
'u Cr) qc to CA) 4-)C ) m

0 0 0 0 0 0 0 0 0 0 0 a'C; l.JC;4 4-) I

4- -) -

-~ 4-'4-

S - ~ CI (7 L-) to-I . COO C'.J C'4 co 0i -:r CO 4-)

C-) 4 U U)C) U

o 43C 4-)

CD~~~~ ~ IA CC 0)DC D DC ) C>C )

44 (71 m43 ) C4 4 ) w w4-J CA ~

C\ O- C) C) (C C)J 0 C) ) C-) (D 0 C) 0 CD aS) C) ao n *l .l *r 0e % " I C 4-) 4-

4- M3 X4.-)r o-~r R-L Ul 'Uto t u ~ Q >
x 43 S , C
al" . - u~

d) 4 -)

13 0 *.,
0) 4-' 4- + 0

to S- .-- 0: I)-

In 43C (U CO
C 4J c4) IdJ 5z (Z4 O. *n a _S

4- a- = 4- * ' 4- 0 +40 C-J =-0
V7 0 O u~ -00) COO t-, LO CD 0 1- 4-)
0 X ~ ~ J C( 'JC CCJC 4-C 4- 4U .- ( 3-

43 = .- a) C
IA C) V S- 0u 43) 3

( 3 $-C 4-)
4-' 40 . 0 c
toS Co 4- 4-

1i CO C) m c 3C0wm C - ( 4J 4-A 04-A
S3 0 a)J C\71 -I 4 - w

4-' C:) 43C C;J 43) C.. C*C 4-) 4- > S.-
m 0 0 0 S- 43.--0 I

0U 0j =I 4.
to (0 4 0 C- 0A C) 4-J

1- IA s- c 30 CL .

4- 4- 4 41/ --- o.. 43 - 4- CL

0 : " o L 1 r .043j CO t 4- 4-)k Q 00-3
4- I 1 I 0 to -

IA r- 3: S-~ 0 0) 0
U~ In .5 ES 4 '0

0- 4- 0fX > -~ < > - 1 *. 4-0
r_- a(e 01) (A 4-)43 E

53 40 4) C0 S- (CS-0 -- *
d- U 1 0 0 S- (A 00 a) Q) 0. 'S XX 4

.- r.) QU Q0 CA r- 43L



Figure Caption

Steady-state photocurrent-voltage curves for n-type MoS2 (left frames)

and n-type VloSe 2 (right frames) photoanode-based cells. Illumination was

at 632.8 nm under the conditions indicated.
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